To study the size and surface effects on characteristics of in-plane shear waves in magnetically affected nanofilms, a novel model is developed. Using nonlocal and surface continuum theories, the governing equations are established and appropriate boundary conditions are imposed at the bottom and top surfaces of the nanofilm. The dispersion relations associated with symmetric and asymmetric modes are obtained. The effects of the surface energy, small-scale parameter, nanofilm's thickness, and magnetic field strength on dispersion curves are addressed. The limitations of the classical theory of elasticity are discussed. The obtained results show that the phase velocity of the propagated in-plane shear waves magnifies by an increase of the thickness as well as magnetic field strength. However, the phase velocity commonly decreases as the effect of the surface energy or nonlocality increases. Such a fact is more obvious for higher modes of vibration. Generally, the cutoff frequency reaches a lower value as the nanofilm's thickness reduces or the small-scale parameter increases. Additionally, variation of the magnetic field strength has fairly no influence on the cutoff frequency. [DOI: 10.1115/1.4032716] Keywords: in-plane shear wave, highly conductive nanofilm, in-plane magnetic field, surface continuum theory, nonlocal continuum theory
Introduction
Generally, nanofilms are thin nanostructures whose thickness (which is in the range of several hundred nanometers) is negligible compared to other dimensions. These nanostructures are commonly constructed by self-assembling of nanoparticles in various methodologies including Langmuir-Blodgett [1, 2] , organic encapsulation [3, 4] , electrophoretic [5, 6] , and layer-by-layer assembly approach [7, 8] . Metallic and semiconductor nanofilms have been widely paid attention to by researchers of various disciplines for a diverse range of applications such as biomedical [9, 10] , sensors [11] [12] [13] , membranes [14, 15] , waveguides [16, 17] , lasers [18] [19] [20] , and micro/nanoelectromechanical systems (MEMS/NEMS) [21] [22] [23] . For most of these applications, free vibration and mechanisms of wave propagation within nanofilms should be carefully understood.
When the size of structure reduces to nanoscale, the surface-tovolume ratio considerably increases. Therefore, the share of surface energy in total strain energy of the nanostructure increases, and the surface effect becomes significant. To date, it has been shown both theoretically and experimentally that the elastic properties of nanofilms are thickness dependent [24] [25] [26] [27] . One of the most well-known surface elasticity theories is that developed by Gurtin and Murdoch [28, 29] . So far, vibrations of thin films have been widely examined accounting for the surface energy [30] [31] [32] [33] [34] [35] [36] . Furthermore, wave propagation within ultrathin films has been fairly well studied [37] [38] [39] [40] [41] . On the other hand, when the wavelength of the propagated sound wave in the nanostructure becomes comparable with the atomic bond length, the interatomic bonds would play a key role in vibrations. In such a case, the state of stress of each point does not only depend on the stress of that point but also on the stresses of its neighboring points. Such a fact is called nonlocality and becomes important when vibrations of nanoscaled structures are of concern. The above-mentioned effect is accounted for the nonlocal model by a so-called small-scale parameter. This factor is commonly determined by comparing the predicted vibration behaviors by the nonlocal model with those of an appropriate atomic approach. The nonlocal continuum theory of Eringen [42] [43] [44] has gained a great popularity among researchers for capturing the size effect.
By application of a magnetic field on a highly conductive nanostructure, a body force is exerted on each element of the body, which is explained by the Lorentz's formula. Such a force is proportional to the magnetic permeability, square of the magnetic field strength, and the second derivative of displacements. Therefore, the frequency of the magnetically affected nanostructure is influenced by the applied magnetic field. Until now, the effect of magnetic field on wave propagation within carbon nanotubes [45] [46] [47] [48] [49] , elastodynamic fields of nanowires [50] [51] [52] [53] , and free vibrations of nanoplates [54] [55] [56] has been investigated by considering the nonlocality effect. In the absence of the magnetic field, vibrations of and wave propagation in nanoribbons have been also addressed using nonlocal models [57, 58] . Further, the carried out studies on vibrations of and wave propagation in nanofilms due to shear waves were restricted to the case of consideration of only the surface energy [39, 38, 59] . In other words, the influence of the interatomic bonds on the characteristics of the propagated waves within nanofilms was ignored.
Given the importance of the subject as well as the great potential applications of nanofilms in the MEMS/NEMS technology, this paper is devoted to study shear waves within magnetically affected nanofilms by consideration of both size and surface effects. For the problem at hand, a uniformly in-plane magnetic field is applied at the vicinity of the bottom and top surfaces of the nanofilm. By exploiting the nonlocal and surface continuum theories, the dispersion relations are obtained. By conducting a fairly 2 Model Formulations 2.1 An Introduction to the Problem. Consider an elastically isotropic homogeneous nanofilm with uniform thickness h as depicted in Fig. 1 . An in-plane magnetic field of constant strength H is applied at the vicinity of the nanofilm's surface along the x 1 axis. A Cartesian coordinate system (x 1 , x 2 , x 3 ) is taken into account such that the x 1 -x 2 plane is coincident with the undeformed midplane of the nanofilm and the planes x 3 ¼ h=2 and x 3 ¼ Àh=2 in order to denote the top surface (i.e., S þ ) and the bottom surface (i.e., S À ) of the nanofilm, which are traction-free. The volume occupied by the nanofilm (i.e., the bulk's volume) is represented by V. The shear horizontal (SH) waves are propagated within the nanofilm along x 1 such that the only displacement component is u 2 ¼ u 2 (x 1 , x 3 , t). By application the above-mentioned magnetic field on the highly conductive nanofilm, the exerted Lorentz force on the nanostructure is given by [46, 47, 54] 
where r is the nabla operator, Â represents the cross product, and u, H, and g denote the displacement field vector, the magnetic field strength vector, and the magnetic permeability, respectively. According to the given displacement field of the excited nanofilm due to SH waves, the only component of the Lorentz force is evaluated as follows:
In the following parts, characteristics of the propagated SH waves within the nanofilm are examined. To this end, the governing equations of the bulk and the surface layers are derived on the bases of the nonlocal continuum theory of Eringen and the surface elasticity theory of Gurtin-Murdoch. In fact, the surface's equations of motion represent the boundary conditions of the bulk. By imposing such conditions to the nonlocal equations of motion of the bulk, the dispersion relations are extracted.
Nonlocal Governing Equations of SH Waves in the
Bulk. For the bulk zone, the only local stresses are expressed by
where G is the shear elastic modulus of the bulk and @ is the partial derivative sign. In the context of the nonlocal continuum theory of Eringen [42] [43] [44] , the nonlocal stresses, r nl ij , are related to their local counterparts, r l ij , by
where r 2 is the Laplacian operator and e 0 a is the small-scale parameter. This parameter is commonly determined by comparing the dispersion curves of the nonlocal model with those of an appropriate atomic model [60, 61] . The only nonlocal equation of motion for the bulk in terms of the components of the stress fields and the body force is obtainable as
By introducing Eqs. (2) and (3) in Eq. (5) and combining the resulting expression with Eq. (4), the nonlocal equation of motion of the magnetically affected bulk in terms of displacement field is derived
For more convenient in analyzing the problem, the following dimensionless quantities are taken into account:
by introducing Eq. (7) in Eq. (6), the dimensionless equation of motion of the bulk is obtained as follows:
where [28, 29] , the constitutive and governing equations of the surface layers are expressed by 
Nonlocal Governing Equations of SH Waves on the Surface. Based on the model of Gurtin and Murdoch
where s 6;l ab are the local surface stresses, k 0 and l 0 are the Lame's constants of the surface, q 0 is the surface density, s 6 ab is the surface stress on S 6 , s 0 is the residual surface tension under unconstrained conditions, u 6 i is the surface displacement, d ab is the Kronecker delta function, and
b =@x a Þ are the surface strains. For the considered SH waves, the only nonzero local surface stresses are as
Using nonlocal theory of elasticity of Eringen [42, 43] , the relation between the nonlocal surface stresses, s 6;nl ab , and their corresponding local ones takes the following form:
By introducing Eq. (10) in Eq. (11), combining the resulting expressions with Eqs. (9b) and (9c), and using Eq. (3), the nonlocal equations of motion of the surface layers would be derived as
By using Eq. (7), the dimensionless version of Eqs. (12a) and (12b) is given by
where
Nonlocal Dispersion Relations of SH Waves in Nanofilms
Let
where i ¼ ffiffiffiffiffiffi ffi À1 p ; k, and -denote the dimensionless wavenumber and frequency of the in-plane SH waves, respectively. By substituting Eq. (14) into the equation of motion of the bulk, namely, Eq. (8), and solving for f ¼ f(n 3 )
By substituting Eq. (15) into Eqs. (13a) and (13b)
where in the case of
and in the case of
In order to obtain a nontrivial solution to Eq. (17), the determinant of the coefficient matrix should be set equal to zero. As a result, the following dispersion relations are obtainable:
and
By introducing Eqs. (20) and (21) in Eqs. (17) and (15), the following mode shapes are obtained:
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Equations (22a) and (22b) display the symmetric modes of SH waves within the magnetically affected nanofilm since the deformation is symmetric with respect to the midplane. Additionally, Eqs. (23a) and (23b) present the asymmetric modes of vibration of the highly conductive nanofilm due to SH waves in the presence of the in-plane magnetic field. In the context of the classical continuum theory (CCT), the values of the surface density, shear modulus of the surface, and small-scale parameter are negligible. Thereby, the predicted dispersion relations in Eq. (20) based on the proposed nonlocalsurface continuum theory (NSCT) would reduce to the following relations:
. By solving Eqs. (24a) and (24b) for -and j, the dispersion relations of SH waves within the magnetically affected nanofilm based on the CCT are obtained as follows:
Equations (25a) and (25b) denote the classical dispersion relations associated with the nth symmetric and asymmetric modes, respectively. The real values of wavenumbers represent the propagated SH waves while their complex values denote the attenuated SH waves. In Sec. 4, limitations of the CCT in capturing the dispersion curves of the magnetically affected nanofilms excited by SH waves will be explained in some detail. and 2(b), the plotted results of dimensionless dispersion curves (i.e., the plots of !-X) of the first four symmetric and asymmetric modes are presented. In all plotted results, the branches with positive sign of the vertical axis are pertinent to the propagated SH waves, while those branches with negative sign of the vertical axis correspond to the attenuated SH waves. The predicted dimensionless dispersion curves by Liu et al. [39] for asymmetric modes are also demonstrated by the filled circles in Fig. 2(b) . Liu et al. [39] investigated propagation of shear waves in thin films accounting for only surface effect (i.e., H ¼ e 0 a ¼ 0). As it is seen, the predicted results by the proposed model can accurately capture the predicted dispersion curves of the first three asymmetric modes by Liu et al. [39] .
Effect of the Small-Scale Parameter on Dispersion
Curves. An important parametric study is conducted to investigate the influence of the small-scale parameter on the dispersion curves of SH waves within magnetically affected nanofilms. For this purpose, consider a nanofilm in the presence of an in-plane magnetic field with h ¼ 60 nm and H ¼ 0:5. The other properties of the nanostructure are identical to those given in the previous part. In Figs. 3(a) and 3(b) , the dispersion curves of the first several symmetric and asymmetric modes are demonstrated for three levels of the small-scale parameter (i.e., e 0 a ¼ 0, 1, and 1.5 nm), respectively. As it is seen in Figs. 3(a) and 3(b) , for a given wavenumber (i.e., constant wavelength), frequency of the propagated SH waves would decrease by an increase of the small-scale parameter. Furthermore, for a given frequency, the wavenumbers of the propagated waves increase as the smallscale parameter increases. Concerning attenuated SH waves, for a given frequency, the SH waves would damp with a higher rate for lower values of the small-scale parameter. For attenuated waves, the wavenumber would generally reduce as the frequency of the wave increases. For such waves with low frequencies, variation of their frequencies has a trivial effect on the variation of their wavenumbers. This fact is more apparent in the case of lower small-scale parameter. According to the plotted results, the frequency of the SH waves corresponds to k ¼ 0 represents the cutoff frequency. By increasing of the small-scale parameter, the cutoff frequency increases. Such a fact is more obvious for higher modes of symmetric and asymmetric SH waves.
The phase velocity of waves is defined as the ratio of the frequency to the wavenumber. Generally, the phase velocity of both symmetric and asymmetric SH waves would increase as the small-scale parameter reduces. It is mainly because of this fact that the shear rigidity of the magnetically affected nanofilm would lessen as the influence of the small-scale parameter becomes highlighted. Such a justification also displays that why the predicted phase velocity by the CCT is greater than that of the NSCT. As the wavenumber decreases, the discrepancies between the predicted phase velocity by the NSCT and that of the CCT would magnify. A close scrutiny of the plotted results in Figs. 3(a) and 3(b) also displays that for higher levels of the small-scale parameter, variation of the wavenumber has a lower effect on the variation of the frequency of both symmetric and asymmetric SH waves.
Effect of the Magnetic Field Strength on Dispersion
Curves. The role of the strength of magnetic field in the characteristics of SH waves is of great importance. In order to reveal such an influence, a fairly comprehensive study is carried out. In Figs. 4(a) and 4(b) , the dispersion curves of symmetric and asymmetric SH waves are graphically shown for different levels of the magnetic field strength (i.e., H ¼ 0:2, 0.4, and 0.8). As it is obvious in the plotted results in Fig. 4 , for a given frequency, the NSCT predicts that the wavenumber decreases as the magnetic field strength increases. For a given wavenumber, the frequency of the propagated SH waves would magnify with the magnetic field strength. It is mainly related to this fact that the shear stiffness of the nanostructure commonly increases with the strength of the in-plane magnetic field. Generally, the discrepancies between the predicted results by the CCT and those of the NSCT increase as the frequency of the propagated SH wave increases. Such a fact is more apparent for nanofilms acted upon by lower levels of the magnetic field strength. For attenuated SH waves, the discrepancies between the predicted wavenumber by the NSCT and those of the CCT would lessen as the frequencies of the attenuated SH waves reduce. According to the plotted results in Figs. 4(a) and 4(b), variation of the strength of the applied in-plane magnetic field has fairly no influence on the cutoff frequencies of symmetric and asymmetric SH waves. Such a fact is proved by both CCT and NSCT.
Concerning the influence of the magnetic field strength on the phase velocity of the propagated SH waves, a detailed scrutiny of the plotted results in Figs. 4(a) and 4(b) shows that the phase velocity increases as the strength of the magnetic field increases. For all mode numbers and considered values of the magnetic field strength, the phase velocity of the NSCT is overestimated by the CCT.
Effect of the Nanofilm's Thickness on Dispersion
Curves. The influence of the thickness on dispersion curves of SH waves within magnetically affected nanofilms is also of particular interest. For this purpose, consider a nanofilm with H ¼ 0:5 and e 0 a ¼ 1 nm. In Figs. 5(a) and 5(b) , the dimensionless dispersion curves of symmetric and asymmetric SH waves are demonstrated, respectively. The results are provided for three levels of the nanofilm's thickness, namely, h ¼ 30, 60, and 90 nm. As it is seen in Figs. 5(a) and 5(b) , by an increase of the nanofilm's thickness, the predicted dispersion curves by the NSCT become close to those of the CCT. It is chiefly related to this fact that both nonlocality and surface effects would reduce with the nanofilm's thickness. In other words, by increasing the thickness, not only the ratio of e 0 a=h but also the ratio of the surfaces' area to the bulk volume would decrease. A close survey of the plotted results of both attenuated and propagated SH waves also shows that the phase velocity commonly increases as the thickness increases, particularly for higher values of the wavenumbers and frequencies. Concerning the attenuated SH waves, for low frequencies, the effect of the nanofilm's thickness on the phase velocity decreases. For higher modes of both symmetric and asymmetric SH waves, variation of the nanofilm's thickness is more influential on the variation of the cutoff frequencies. By increasing the thickness, influence of the wavenumber on the frequency would increase. Such a fact is more obvious for lower modes of SH waves.
Conclusions
Using both surface and nonlocal theories of elasticity, propagation of in-plane SH waves in magnetically affected nanofilms is addressed. By combining the nonlocal constitutive relations with the equations of motion of the surface layers and the bulk, the nonlocal-surface governing equations are constructed. The dispersion relations for both symmetric and asymmetric SH waves are obtained. In a special case, some parts of the calculations are checked with those of existing literature and a reasonably good agreement is achieved. Subsequently, the influences of the smallscale parameter, surface effect, magnetic field strength, and nanofilm's thickness on the characteristics of dispersion curves including wavenumber, frequency, and phase velocity are examined in some detail. The main findings of the present work are as follows:
(1) By an increase of the small-scale parameter, the phase velocity of both symmetric and asymmetric SH waves would reduce. Such a fact is more obvious for higher modes of vibration. Further, the cutoff frequency would generally decrease as the influence of the small-scale parameter becomes highlighted. (2) As the strength of the magnetic field increases, the phase velocities of the propagated SH waves increase while those of the attenuated waves would decrease. Both CCT and NSCT display that variation of the magnetic field strength has fairly no effect on the cutoff frequencies. For a given wavenumber, the discrepancy between the predicted frequency by the NSCT and that of the CCT would commonly reduce as the magnetic field strength increases. Generally, the predicted phase velocities by the CCT are greater than those of the NSCT. (3) The phase velocities of both symmetric and asymmetric SH waves would increase with the nanofilm's thickness. Such a fact is more apparent for higher modes of vibration. As the nanofilm's thickness increases, the influence of the wavenumber on the frequency increases. This issue is more obvious for lower modes of both symmetric and asymmetric SH waves.
